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Proteomics and the search for welfare and
stress biomarkers in animal production in the
one-health context†
A. Marco-Ramell,‡a A. M. de Almeida,§bc S. Cristobal,de P. Rodrigues,f P. Roncadag
and A. Bassols*a
Stress and welfare are important factors in animal production in the context of growing production
optimization and scrutiny by the general public. In a context in which animal and human health are
intertwined aspects of the one-health concept it is of utmost importance to define the markers of stress
and welfare. These are important tools for producers, retailers, regulatory agents and ultimately consumers
to eﬀectively monitor and assess the welfare state of production animals. Proteomics is the science that
studies the proteins existing in a given tissue or fluid. In this review we address this topic by showing clear
examples where proteomics has been used to study stress-induced changes at various levels. We adopt a
multi-species (cattle, swine, small ruminants, poultry, fish and shellfish) approach under the eﬀect of
various stress inducers (handling, transport, management, nutritional, thermal and exposure to pollutants)
clearly demonstrating how proteomics and systems biology are key elements to the study of stress and
welfare in farm animals and powerful tools for animal welfare, health and productivity.
1. Introduction
In animal science, as in all life sciences, the use of proteomics
and other post-genomic tools oﬀers excellent opportunities to
obtain a more detailed understanding of the complex biological
systems that control the physiology and pathology of living
organisms. Indeed, the use of proteomics allows the confirma-
tion of the presence of proteins, the real eﬀectors of genes, and
it is able to provide a direct measure of the quantity of proteins
present. Farm animals are raised in large-scale operations,
aiming to obtain animal products for human consumption. In this
context, we can consider the one health concept, the integrated
approach of veterinary and human medicine focused on the
prevention and control of animal and zoonotic diseases, that can
include the one health proteomics concept.1 In fact, the connection
between animal health, food of animal origin, and human health is
more than evident for public opinion and consumers.2
In particular, animal welfare and stress are important issues
because of public perception, marketing and product acceptance,
and also to improve production eﬃciency and the quality of
food products. Stress is very important in animal production
and aﬀects all animal species, including birds and fish, and
even invertebrates such as shellfish. It is a complex condition
that includes physical and psychological stress, as well as the
deleterious eﬀects that the environment may have on the
condition of the individual (Fig. 1).3
In this article, we will revise the contribution of proteomics to the
understanding of the stress caused by management conditions
(housing, road transport, among others) as well as other more
general conditions such as heat stress, nutritional stress and
toxicological stress. Attention will be focused on candidate
biomarkers that are predicted on the basis of information transfer
criteria across the tissue–biofluid channels. Significant biofluid–
tissue relationships can be used to assess the clinical validation of
biomarkers that are mandatory in the study of animal stress.
In the last 20 years, high throughput technologies led to the
development of proteomics, that, particularly in the field of
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animal stress, is oriented mainly to the research on biomarkers
in biological fluids and/or tissues. We can consider the top-down
approach that starts from entire proteins and isoforms and
then identifies specific proteins; and the bottom-up approach
that digests extracts with a protease (e.g. trypsin) and then, on
the peptide basis, assigns their identification and quantitation
(see details in Fig. 2).4 Both approaches are valid, sometimes are
complementary, and we can choose one with respect to the other
on the basis of the sample type, quantity of the sample/limit of
detection of putative biomarkers, the necessity to investigate
post translational modification and numerous other factors.
Moreover, in animal stress and also in general functional
proteomics, validation is a bottleneck to enforce the biological
study but it is mandatory before the development of robust and
rapid tests that help to quickly diagnose the condition. Proteins
produced during a particular condition could be detected using
diﬀerent techniques, such as immunohistochemical staining,
western blot analysis, enzyme linked immunosorbent assay
(ELISA) and mass spectrometry (in particular SRM-selective
reaction monitoring). All these methods are powerful techniques
to validate proteomic results. Moreover, secretomics, a subfield
of proteomics that studies secreted proteins and secretion
pathways using proteomic approaches, has recently emerged
as an important tool for the discovery of biomarkers of diseases.5
Although stress and welfare have been the focus of intensive
research in the field of ethology andmany studies on behaviour have
been performed, objective laboratory biomarkers to assess the degree
of welfare in farm animals would be very useful and complementary
to the behavioral tests. Several laboratory parameters have been used
to assess animal stress but they are far from perfect. Cortisol, the
classical hormone stress marker, has several drawbacks due to the
high intra- and inter-individual variability.6 Other parameters such
as acute phase proteins (APPs) have been proposed as stress
indicators, but the knowledge about their role is still fragmented
especially in less studied species. Proteomics is a global, non-
hypothesis driven approach most adequate for the search of new
biomarkers. When appropriate biomarkers will be available to assess
animal welfare and stress tolerance as well as their eﬀects on the
final product, the quality and eﬀectiveness of animal production will
improve, leading to a higher acceptance by the public (Fig. 3).
In this review we will address the contribution of proteomics to
the study of the eﬀects of stress in several farm animals including
mammals (pigs, cows, small ruminants and rabbits), poultry, fish
and shellfish (Fig. 4). We aim to present a general overview of this
topic illustrated with specific study cases. The general subject of
animal proteomics7 has been covered recently by several reviews
see the special issue on Farm Animal Proteomics (http://www.
sciencedirect.com/science/journal/18743919/75/14), and the assess-
ment of animal welfare has also been recently reviewed.8–10
2. Proteomics of cattle and nutritional
stress: peripartum, negative energy
balance and diseases (ketosis and fatty
liver)
The early lactation period of dairy cows is normally characterized by
a status of negative energy balance (NEB), because the ingestion of
Fig. 1 One health approach links human and animal health, including
animal welfare and food safety. Proteomics is a key piece that helps to
complete the puzzle.
Fig. 2 The top-down and bottom-up proteomic approaches for biomarker
discovery.
Fig. 3 The role of proteomics in the search for biomarkers for animal
stress and welfare will improve the public acceptance of animal produc-
tion and food of animal origin.
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nutrients and energy is insuﬃcient to meet the energy
demands of milk production.11 This transition period, defined
as three weeks before parturition to three weeks postpartum, is
characterized by the mobilization of body reserves from fat and
muscle to compensate this NEB status. The consequence of
lipid mobilization is an excessive concentration of free fatty acids
in the blood, which in the liver are subjected to incomplete
oxidation and reesterification. This situation results in ketosis
and fatty liver, increased oxidative stress markers12 and hampered
immune function, which lead to a higher susceptibility to diseases
and metabolic disorders.13
Increased energy requirements lead to hypoglycemia which
is compensated by lipid mobilization to the liver and further
hepatic synthesis of ketone bodies, an energy fuel for many
body tissues. Persistent ketosis is accompanied by acidosis,
with unwanted consequences for animal welfare and health.
Subclinical ketosis often aﬀects 40% of the cows in a herd
although the incidence can be up to 80%,14 meaning that
ketosis is one of the main problems in dairy cow production.
Due to the complexity of this physiological situation, several
authors have approached it by using the available proteomic
toolbox. Plasma from ketotic cows analyzed by 2DE and MALDI-
TOF showed an increase in APPs such as haptoglobin, a-1-acid
glycoprotein (AGP) and a-chymotrypsin and a decrease in other
APPs such as Apolipoprotein-AIV and a-2-HS-glycoprotein.15,16
These results on APP production were validated by iTRAQ (isobaric
tag for relative and absolute quantification), a quantitative proteomic
approach which employs diﬀerential labelling of up to eight
protein samples thus allowing their simultaneous quantification.17
The enhanced sensitivity of iTRAQ also allowed the identification
of cationic antimicrobial peptides, such as cathelicidin, in plasma,
as well as an increased expression of the antioxidant enzyme
glutathione peroxidase (GPx) and components of the complement
and coagulation cascades (such as factor V, a2-antiplasmin and
prothrombin), revealing the role of these pathways in inflammatory
and immune responses.18
Since the liver is the main target in this condition, the
ketotic liver proteome has also been analysed. By using 2DE
and MALDI-TOF thirty-eight diﬀerential proteins involved in
energy production, carbohydrate, fatty acid, amino acid and
nucleotide metabolism, in oxidative stress and cell structure
were identified.19 Furthermore, the liver proteome of ketotic
cows was analysed by iTRAQ. Regulatory metabolic enzymes
involved in the Krebs cycle and gluconeogenesis were deregulated
during early lactation19 indicating the adaptation of the liver to
cope with the metabolic imbalance.
Due to the lipid mobilization to the liver, sometimes there is an
exaggerated deposit of lipids in this organ, causing the so called fatty
liver. Apart from its intrinsic importance in dairy cow production,
hepatic steatosis is closely associated with obesity, metabolic
syndrome, and diabetic complications in humans, revealing the
importance of such studies. This syndrome has been studied
through proteomics by Kuhla and coworkers in a series of studies
in non-pregnant Holstein cows subjected to nutrient (energy, macro-
and micronutrient) deprivation. To identify the liver proteins related
to an energy-deficient status, the authors used a 2DE approach
combined with MALDI-TOF and MALDI-TOF-TOF.20 In feed-
restricted cows, there was an increase in liver total fat content
accompanied by a decrease of glucose and glycogen concentrations,
similar to the hepatic condition observed in dairy cows during the
periparturient period. This is accompanied by an increase in the
phosphorylation state of liver AMPK, a nutrient sensor and key
regulator of cell signaling pathways involved in glycogen, fatty acid,
steroid, and protein synthesis.21 The proteomic analysis showed that
the enzymes of b-oxidation (oxidation of fatty acids) were down
regulated after feed restriction suggesting a diminished degradation
of fatty acids that might be one reason for the increased liver fat
content.20 Other proteins related to carbohydrate and protein
metabolism, electron transport, calcium homeostasis, cyto-
skeleton structure and oxidative stress were also diﬀerentially
identified in the proteomic analysis, presenting potentially novel
candidates involved in signalling for metabolic adaptation to feed
restriction and development of fatty liver.
This metabolic switch does not only happen in the liver but
it also concerns other tissues such as the skeletal muscle since
the animal mobilizes muscle protein to obtain amino acids that
can be used for obtaining glucose via gluconeogenesis. An
approach based on 2DE and MALDI-TOF identified forty-three
diﬀerentially expressed muscular proteins leading to a decrease
in glycogen synthesis and the TCA cycle, and an increase in
proteins related to glycolysis, fatty acid degradation and lactate
production, thus providing the Cori cycle with substrates for
hepatic gluconeogenesis.22
Fig. 4 Some of the animal species where proteomic studies have been
published. (a) Cows from the Bruna dels Pirineus breed; (b) commercial
pigs (duroc (landrace  large white)); (c) and (d) the damara sheep breed;
(e) gilthead seabream (Sparus aurata); (f) common mussel (Mytilus edulis).
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Since feeding is controlled hormonally by the hypothalamus–
pituitary axis, the proteomes of these two structures have also
been studied.11,22 The hypothalamus is the central regulatory
unit that balances a number of body functions including the
metabolic rate, hunger, and satiety signals in response to alterations
in circulating nutrients and hormones. The authors studied the
differential protein expression between hypothalami from ad libitum
fed and energy restricted cows by 2-DE and MALDI-TOF-TOF and
identified nine differentially expressed proteins related to energy and
nucleotide metabolism, and cellular stress.11 A proteomic approach
was also used to analyze the post-translational modifications (PTMs)
underwent by the peptide pituitary hormones before secretion.
Results indicated that changing plasma hormone concentrations
is likely attributed to a regulated release process from the gland into
the blood, and not to changes in PTM processing.23
Milk has also been used to search for simple and robust
predictors of the NEB level due to its easy availability. Milk of
cows subjected to diﬀerent dry period lengths, in diﬀerent
energy balance status and lactation stages, were analysed by
untargeted metabolomics and proteomics techniques.24 Milk of
cows in severe NEB showed higher concentrations of APPs,
unsaturated fatty acids, and galactose-1-phosphate, whereas
improved energy balance resulted in higher concentration of
cholesterol, cholesterol synthesis related proteins, and stomatin.
As a result, the use of stomatin and galactose-1-phosphate as
robust indicators of NEB in milk was suggested.24
A large part of the increased energy requirements during the
early lactation comes from themammary gland, which is subjected
to a rapid growth and needs increased amounts of glucose for
lactose production. The metabolic and developmental processes
occurring in the mammary gland during lactation in the normal
situation and in feed restricted cows have also been addressed
through proteomics.25,26 The protein abundance in this tissue was
consistent with fat synthesis rather than b-oxidation.
3. Proteomics of cattle and
management conditions
Marco-Ramell and co-workers studied the adaptive physiological
mechanisms in cows to harsh conditions in winter. Two groups
of thirty Bruna dels Pirineus (Brown pyrenees) breeds a beef type
selected from the Brown Swiss breed, were maintained during
the winter under diﬀerent living conditions: one group was
maintained on a diet of improved pastures, whereas the second
lived under semi-feral conditions. The serum proteomes from
both groups were compared at the end of the winter period using
DIGE (Diﬀerential Gel Electrophoresis) and MALDI-TOF. Fifteen
spots could be identified as diﬀerentially expressed between
both groups, including the antioxidant enzymes paraoxonase-1
and glutathione peroxidase 3, some proteins related to the
complement system, and the acute phase proteins a-2-HS-
glycoprotein and the AMBP precursor.27 Some of these proteins
were also determined in the serum of an additional group of
thirty Albera cows, a beef breed that lives all the year under very
harsh conditions. Therefore, proteomics revealed that living in
hard environments in winter induces higher levels of oxidative
stress and the activation of the immune system in cows.
Proteomics has also been extensively used in the search for
disease biomarkers in cows.28,29 Although this topic is outside
the scope of this review, it is interesting to report the study with
-omics technologies aimed to diﬀerentiate stress and viral
infection in cows.30 In this study, the authors used an experimental
infection of bovine respiratory disease (BRD) in conjunction with
the combined stressors of weaning, transportation, and social
reorganization in young calves. BRD is a leading cause of morbidity
and mortality in feedlot cattle and results from the combined
infection of bacterial and viral agents. The stress of weaning,
transportation and processing has long been known to play an
important role in predisposing animals to BRD. Proteomic, meta-
bolomic, and elemental profiles of serum samples from stressed
and control animals were determined before and after a primary
viral infection to test if these profiles could distinguish between
responses to stressors and viral infection. Multivariate analysis was
able to diﬀerentiate between a stress response (decreased serum
amyloid A, increased apolipoprotein CIII, and other metabolomic
changes) or a primary viral respiratory infection (increased
apolipoprotein A1 and haptoglobin and others). Thus, combined
-omics analysis of serum samples revealed that multimethod
analysis could be used to discriminate between the complex
biological responses to stress and viral infection.
Another proteomic study on stress and susceptibility to BRD
was carried out in bronchi-alveolar fluid (BALF) which contains
the secretory products and the remnants of the epithelial fluid
of the lungs (ELF) and represents the first line of defence
against inhaled opportunistic pathogens.31 The hypothesis to
be tested was that stress would cause changes in the ELF of the
lungs, thus being the cause of the increased susceptibility of
this tissue to respiratory disease. The results showed increases in
antioxidant enzymes such as superoxide dismutase (SOD) and
GPx, and changes in the APPs (a-2-HS-glycoprotein, fibrinogen
and annexin, amongst others).
A summary of the reported results for bovine proteomic
studies is shown in Table S1 (ESI†).
4. Proteomics of pigs and diﬀerent
types of stress
Pigs become easily stressed by many conditions. Management
conditions such as housing, the establishment of social hierarchies,
weaning, transport to the abattoir and lairage conditions, as well
as the slaughterhouse are all potentially stressing factors for
pigs. As described for cows, a high stress degree is associated
with an increased incidence of disease, as well as deleterious
eﬀects on meat quality.
High stocking density is one of the most common and
stressful conditions that aﬀect growing and finishing pigs in
commercial farms, as it combines social and thermal stress.
Minimum space requirements have been stipulated by the
European Council (2001) requiring a minimum stocking density;
however, the space allowance during the latter part of the
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growing and the finishing periods would often fall below the
current limits set out in this legislation.32 Marco-Ramell and
co-workers carried out a 26 day experiment using 8 pigs which
were subjected to 4 day periods of high (0.25 m2 per pig) and
low (0.5 m2 per pig) stocking density.33 The diﬀerential expres-
sion of serum proteins was analysed by DIGE. Several spots
were diﬀerentially expressed between low and high stocking
density conditions, but only one spot could be identified by
MALDI-TOF, corresponding to the cytoplasmatic b-actin, a
component of the cytoskeleton. The identity of the protein
was validated by western blot analysis in all the experimental
individuals. The increase of actin in the serum might point out
to cell or tissue damage associated with high stocking density.
Individual confinement of pregnant sows is another com-
mon and stressful housing system widely used under field
conditions a few years ago, although it has been recently
banned by the European Union (CD 66 2001/88/EC). Marco-
Ramell and co-workers used this housing model to identify new
stress biomarkers before the actual legislation came into force.
The serum proteome of gilts housed in groups and subjected to
individual confinement was compared by using DIGE and iTRAQ.
Individual confinement of gilts led to a complex physiological
response that includes the activation of the immune system,
changes in lipid mobilization, redox imbalance and cellular or
tissue damage.34
5. Proteomics, stress and meat quality
Any cause of pre-slaughter stress aﬀects meat quality.35,36 A
well-known defect is a pale, soft and exudative appearance of
meat (PSE or PSE-like meat). The phenomenon occurs essentially
in pigs and also in poultry and was first described in Pietrain pigs
carrying the halothane mutation aﬀecting the Ryr gene. Never-
theless, the production of PSE-like meat can also occur in non-
carriers, when animals are slaughtered following intense eﬀort
or stress. Stress causes the secretion of cortisol and catechola-
mines into the blood flow, which will exacerbate the degradation
of glycogen, thus increasing muscle metabolic activity which
may continue after death, resulting in higher lactic acid content
and faster pH decline.
To identify proteins involved in the production of PSE meat,
proteomes of pig semimembranosus muscles obtained 20 min
post-mortem were compared between homozygous (nn) and
heterozygous (Nn) carriers and non-carriers (NN) of the mutation.
Muscles of the nn genotype appear to be less oxidative and to have
less anti-oxidative and repair capacities than NN and Nn geno-
types. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH), an
enzyme of the glycolytic pathway, has been proposed to be a good
biomarker since it is indicative of higher proportions of fast-
twitch glycolytic muscle fibres, which have a higher capacity to
accelerate metabolism than slow-twitch oxidative fibres. Several
heat shock proteins (HSPs) such as HSP72 and HSP27, which have
multiple functions including protein stabilisation and repair, are
increased after stress or exercise and can also be markers of meat
quality development.36
6. The use of saliva as a convenient,
non-invasive sample to assess stress
Saliva is a very interesting fluid for biomarker discovery. It is
easy to collect on a non-invasive and routine basis without any
need for special training. It contains information about feeding
status, nutritional requirements and adaptation to diet and
environment, and the health status of animals. Therefore, the
analysis of salivary proteomes is a field of high interest to
search for livestock productivity, health and welfare biomarkers.
Various analytes useful for stress monitoring, such as cortisol
and some proteins, can be measured in saliva samples.37 In a
recent study, pigs were subjected to 3 experimental models of
acute stress: snaring restraint, brief transport by road and
restriction of movement in a digestibility cage. The salivary
proteome profiles before and after the experimental procedures
were compared. Albumin and odorant-binding protein (OBP), a
member of the lipocalin family, appeared to be down-regulated
in all 3 groups after stress was applied, thus suggesting their
potential use as a stress biomarker.38
A summary of the reported results for porcine proteomic
studies is shown in Table S2 (ESI†).
7. Proteomics and seasonal weight
loss (SWL)-induced stress
Mediterranean and tropical climates are characterized by an
uneven distribution of rain, leading to two seasons: rainy and
dry. The first is characterized by high temperatures, high rainfall
and higher pasture quality, the latter is characterized by the
opposite. During the dry season, ruminant production is severely
aﬀected and animals undergo a period of feed restriction leading
to Seasonal Weight Loss (SWL), one of the most pressing
issues in animal production, aﬀecting animal production e.g.
in Southern and Western Africa,39,40 Western Australia41 and the
Canary Islands.42 To counter SWL, several strategies have been
tried, from supplementation with purchased feeds to others
more innovative such as the use of antibodies blocking the
action of the hormone leptin,43 aiming at the increase of feed
intake before the onset of feed restriction. Another alternative
could be the use of breeds well adapted to SWL, for instance
fat-tailed sheep44 such as Damara45 able to produce in harsh
environments but having lower productivity and commercial
value. It is therefore of utmost importance to understand the
molecular mechanisms by which such breeds have evolved to
adapt to SWL by establishing molecular markers of tolerance
to SWL and use this information for animal selection. As meat
and milk are important outputs of animal production, and
proteinaceous products, proteomics assumes a major role in
their definition, as recently reviewed for meat46,47 and milk.48,49
With the exception of the pig,50 cow51 and rabbit,52 proteomics
studies are more complicated in farm animal species due to the
low representation in protein databases than classical model
species such as cattle or pig that are fully sequenced or well
represented.53
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The establishment of biomarkers of tolerance to SWL could
be accomplished either by studying the metabolic eﬀects of
feed restriction or by comparing SWL tolerant and sensitive
breeds. Proteomics has been used to work on this topic over the
last 20 years, using at an initial phase the first strategy and
more recently the latter. At an initial phase, and before the
advent of standard proteomics techniques, serum amino acid
analysis and one-dimensional protein electrophoresis (1DE)
were used to study the eﬀect of weight loss in rats43 and goat
bucks,54,55 in parallel with an insight into fatty acid meta-
bolism,56,57 linked to production parameters.39 These were the
first studies concerning for instance the myofibrillar protein
profile in the muscle and as a consequence of SWL. These
studies constituted the first ‘‘proto-proteomics’’ approach for
the study of nitrogen metabolism in SWL defining interesting
implications for supplementation54 and confirming that the
amino acid 3-methylhistidine is an indicator of protein break-
down and muscle disruption in goat.55
Proteomics was first used to study the adaptations of certain
breeds to SWL for the first time comparing the muscle proteome in
two breeds of rabbits, the New ZealandWhite rabbit (susceptible to
SWL) and the Iberian wild rabbit, adapted to SWL, first using
one-dimensional electrophoresis58 and later using two-dimension
electrophoresis.59 Results pointed out significant diﬀerences
between the ways both breeds reacted to weight loss, particularly
showing that enzymes L-lactate dehydrogenase, adenylate
kinase, and glyceraldehyde 3-phosphate dehydrogenase were
diﬀerentially expressed in restricted diet experimental animal
groups and could be potential relevant biomarkers of weight
loss tolerance in addition tomapping the rabbitmuscle proteome60
that was recently complemented using shotgun proteomics.61,62
Subsequently, a study at the level of the liver and muscle
proteomes in three sheep breeds with diﬀerent levels of adap-
tation to nutritional stress was conducted: Damara, Dorper and
Australian Merino. Damara is a fat-tailed breed originating
from the semi-arid regions of Namibia and South Africa highly
resilient to SWL with a notable ability to digest poor quality
fodder45 and a particular lipid metabolism leading to the
accumulation of branched chain fatty acids.63 The other two
breeds, Dorper and Australian Merino, are less adapted to SWL
than Damara. The three breeds were subjected to nutritional
stress over a period of 42 days, leading to relative live weight
decreases of about 10–15%64 and meat and carcass traits were
studied62 as well as the muscle fatty acid profiles,65 as well
as in-depth characterization of the fatty acid profile of the fat
tail63 and mineral profiles66 of the adipose tissue. Regarding
proteomics, 2DE coupled to MS/MS mass spectrometry was
used to identify proteins differentially expressed in the muscle67
and the liver.68 Results point to differential expression profiles
between the liver and the muscle in the three breeds and several
proteins could be considered as biomarker candidates for the
tolerance to weight loss: glutathione S-transferase, phosphoglycerate
mutase, and a HSP-like stress protein (liver) histidine triad
nucleotide-binding protein, desmin, and phosphoglucomutase-1,
(muscle).69 Recently, shotgun proteomics was performed also
using the samples arising from the trial previously described.70
The authors identified 685 proteins in the ovine skeletal
muscle, of which 17 could be proposed as markers of tolerance
to SWL: apolipoprotein A-IV, ferritin heavy polypeptide 1, and
serpin peptidase inhibitor clade H member 1. Shotgun proteomics
(iTRAQ) was used to study changes in the wool proteome in the
Australian Merino animals used in this study71 showing that SWL
decreases the fibre diameter increasing the expression of high
sulphur protein KAP13.1 and proteins from the high glycine–
tyrosine protein KAP6 family, with implications on wool quality.
More recently, proteomics was used to study tolerance to SWL in
dairy goats, by comparing breeds from the Canary Islands with
different levels of adaptation to nutritional stress.42 Biopsy samples
from the mammary gland secretory tissue were obtained and the
mitochondrial proteome was characterized using two-dimensional
electrophoresis and Blue Native PAGE techniques72 and differences
regarding protein expression between the two breeds were
determined. These samples were also used to conduct the first
NMR-metabolomics study on the goat mammary gland, showing
high complementarity between these two techniques with NMR-
basedmetabolomics being able to quantify lowmolecular weight
metabolites.73
These above-mentioned results indicate the importance of
proteomics techniques and systems biology in the discovery of
markers of tolerance to seasonal weight loss and their use within
the context of farm animal breeding aiming to circumvent
problems related to SWL.
A summary of the reported results for seasonal weight loss-
induced stress proteomic studies is shown in Table S3 (ESI†).
8. Proteomics in poultry stress
research
Proteomics techniques have seldom been used in stress-related
studies in poultry, with the exception of restraint and transport,74
heat stress,75,76 obesity-induced stress77 and stress related to
diseases and pathological conditions.
Stress induced by immobility, transport and slaughter pro-
cesses are among the most pressing issues addressed by the
poultry industry. Poultry production can be characterized as
extremely intensive and upon the completion of the production
cycle, animals are captured, kept in cages with other animals
and transported by road to the abattoir facing meteorological
conditions, restraint, lack of food and water in a process that
may take several hours. All these steps are attentively scruti-
nized and governed by specific legislation aiming to minimize
stress being attentively scrutinized by public opinion and
consumer organizations. Poultry stress under transport condi-
tions has been the subject of numerous studies.78 In 2011,
Hazard and co-workers conducted a multi-Omics approach
(transcriptomics, proteomics and metabolomics) to study the
eﬀects of restraining transport on molecular mechanisms on
chicken thigh muscle by comparing 6 week old 2 h-restrained
and control chickens. Road transport induced stress led to
increase in the levels of corticosterone, whilst decreased the
abundance of several hexose phosphates, increased and decreased
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the expression of respectively 12 and 27 transcripts, as well as
the overexpression of 11 proteins and the underexpression of
14 proteins, finally concluding that road transport aﬀected
cytoskeleton structure and carbohydrate metabolism. Interestingly,
authors found that induced stress led to a repression of
glycogenolysis and glycolysis and an alteration of the myofibrillar
protein profile.74
Heat stress is another important aspect in poultry production
compromising feed intake, conversion rates and increasing
susceptibility to diseases and parasites and mortality rates. Zeng
et al.75 studied the eﬀects of heat stress on the liver proteome of
Peking (Anas platyrhynchos) and Muscovy (Cairina Moschata)
ducks, with the first being considered as more susceptible to
heat stress than the latter. The authors used a proteomics
approach based on two-dimensional electrophoresis and protein
identification using mass spectrometry. They identified 54 pro-
teins, of which only seven were found in both species and 47
were actually species specific. Proteins such as heat shock
proteins 70 and 10 were clearly over-expressed in both species
in response to heat stress and other proteins like a-enolase and
S-adenosylmethionine synthetase showed a diﬀerent expression
pattern between the two species, finally revealing that in both
species heat stress aﬀected the glycolytic pathway whereas in the
Muscovy duck, processes such as antigen processing and pre-
sentation and apoptosis seem to aﬀect essentially the latter.75 An
approach using two-dimensional electrophoresis, specifically
DIGE, has also been used to study the eﬀect of AHS – Acute
Heat Stress (4 hours at 38 1C) on the testis proteome, and on
fertility levels, of Taiwanese roosters.76 Acute heat stress led to
abnormal, apoptotic spermatogenic cells, and to 119 protein
spots being differentially expressed. AHS also led to an up-
regulation of proteins like glutathione S-transferase, transgelin,
and DJ-1 and to a down-regulation of proteins such as heat shock
proteins, chaperonin containing t-complexes, and proteasome
subunits, showing that heat stress has an important effect on
protein folding and degradation linked to spermatogenesis,
whereas proteins with antioxidant properties could attenuate
heat-stress consequences in chickens.76
Another area in which proteomics has been successively
used to study the eﬀects of stress in poultry is the determination
of the fat deposition ability77 and foie-gras production related
steatosis79 in ducks. The subject has been reviewed,80 hence we
will only focus here on aspects directly related to stress itself.
As previously stated steatosis is abnormal intracellular retention
of lipids. It has a strong genetic correlation to certain geese
and duck genotypes used in foie gras (fatty liver) production.
Bax et al.79 used 2DE to compare diﬀerent stages of steatosis.
The authors showed that the process leads to significant changes
in protein expression at various levels including enzymes, trans-
lation factors, proteins involved in cell structure, proteins with
antioxidant properties, and calcium linking proteins, establishing
the first evolutional study on the protein profiles of waterfowl livers
as a consequence of hypercaloric force feeding. Similarly, and
also using 2DE, Zheng et al.77 compared the liver proteomes of
two strains of Peking ducks diﬀering in the ability to depose fat,
at diﬀerent ages. The authors discovered that fat ducks had an
over-expression of proteins related to glycolysis, ATP synthesis,
and protein catabolism in a process very similar to the one
previously described for foie gras production, whereas the lean
strain had a higher expression of proteins leading to increased
protein anabolism and reduced catabolism, as well as the over
expression of proteins related to stress response, immune
defence, and antioxidant functions.
As described above, in recent years the potential of proteomics
studies in stress-related issues in poultry has hardly been
tapped. In fact the examples shown demonstrate that
proteomics-based studies can be of significance in the deter-
mination of biomarkers of avian welfare, product quality under
stressful production conditions or even the determination of
markers of tolerance to stress conditions such as those related
to temperature stress, particularly heat.
A summary of the reported results for stress proteomic
studies in poultry is shown in Table S4 (ESI†).
9. Proteomics and stress in farmed fish
and seaclams
Aquaculture refers to all forms of active culturing of aquatic
animals and plants, occurring in marine, brackish, or fresh
waters. According to FAO’s last report81 global aquaculture
production attained another all-time high of 90.4 million
tonnes in 2012. Aquaculture production is focused on 3 main
sectors: fish, with a volume of 44.15 million tons in 2012,
representing 66.3% of production; molluscs with 15.17 million
tons equivalent to 22.8%, and crustaceans, 6.44 million tons,
9.7%. Fish accounts for about 17 percent of the global popula-
tion’s intake of animal protein.
The tremendous growth of this industry has been stimulated
by the intrinsic limitations to the productivity of the wild,
unmanaged aquatic ecosystems overexploited by humans as
sources of fish, aquatic invertebrates and seaweeds, with har-
vest yields declining substantially over the last few decades. The
modern aquaculture is driven by improving the sustainability
of production and it is based on scientific knowledge such as
genetic information,82,83 improving fish health and nutrition,
welfare assessment and stress reduction, diseases and the use
of antibiotics and vaccines.
Fish and seaclams welfare and stress are important issues in
aquaculture mainly because of public perception, marketing,
product acceptance, and production eﬃciency, quality and
quantity. Fish are vertebrates and thought to share many traits
in common with the more familiar intensively farmed animals
such as pigs, chickens or cows. However, due to the separate
evolutionary history and diﬀerent adaptation needs, they have a
number of special features that are relevant to the way welfare
is approached. Fish welfare is in that sense a complex concept,
which underlines the importance of a multidisciplinary and
holistic approach in its studies. Proteomics can therefore be an
important part of the toolset required for such studies, ensuring
that marine animals are reared in an environment that optimizes
their capacity to cope with unavoidable challenges/stress.84
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Also it is important to understand that stress responses will not
provide all the necessary information about fish welfare, since in
aquaculture the latter is largely associated with tertiary eﬀects of
stress response that are generally indicative of prolonged,
repeated or unavoidable stress85,86 that is mostly related to
deleterious eﬀects on growth, reproductive function, immune
function and disease resistance.87 In seaclams, the stress
response should be understood in the context of their physiology
and as a consequence of diseases. They are sessile, filter feeders
capable of accumulating high levels of contaminants, aﬀected by
the temporally and spatially integrated levels of contamination in
the environment.88 Mollusc diseases include parasitic, bacterial or
virus infections and it may have a very serious eﬀect on the shellfish
industry.89 There are 5mainmollusc species, all bivalves, produced
in aquaculture corresponding to 3 clams: Ruditapes philippinarum
(Japanese clam), Anadara granosa (Blood clam), and Sinonovacula
constricta (Chinese clam), oyster Crassostrea gigas (Pacific oyster),
and Mytilus chilensis (Chilean mussel).
Proteomics studies of aquaculture and welfare are mostly
focused on the health aspects of the animal tissues. In fish,
organs/tissues/fluids like the liver, brain, skeletal muscle, blood
plasma and osmorregulatory and immune-related organs have
been extensively studied.92–130 The liver has a central role in
metabolic processes and blood plasma, due to its non-evasive
collection, and it is by far the most informative source. In
seaclams, the digestive glands, gills and gonads are the studied
tissues as well as haemolymph, main body fluid in the open
circulatory system of molluscs that is functionally equivalent to
blood and lymph in vertebrates.90
Aquaculture production is a factor of stress induction as it
involves management practices and environmental sources
with influences on fish welfare. Proteome changes in several
tissues have been reported in fish subjected to high stocking
densities,91,92 handling,91,93 pre-slaughter stress,94,95 hypoxia,96,97
anoxia,98–100 hyperoxygenation101 and osmotic102–105 and tem-
perature changes.106–108 Also proteomics has been used as an
attempt to establish welfare biomarkers in farmed fish91,109,110
with several proteins identified. In molluscs, proteome changes
associated with hypoxia-induced stress caused by aerial exposure
altered metabolic responses or eutrophication,88,111,112 hyper-
salinity,111,113–115 and temperature variations.113,116,117
Another important research subject in aquaculture targeted
by proteomics concerns the impact of xenobiotics on farmed
fish and seaclams. Many chemicals of diﬀerent origins are being
released into the environment on a regular basis, entering inmany
cases the eﬄuent of wastewater treatment plants and aquatic
environments.118 As many of these chemicals are relatively
stable to sewage treatment, its eﬀect when entering the aquatic
environments can trigger toxic reactions in non-target species.
These can aﬀect not only exposed farmed marine species but
also humans via their consumption. Reported studies are
mostly focused on the impact on the proteome of fish exposed
to pharmaceuticals,119,120 hormones,121,122 metals,123,124 bio-
xantines125–127 and other pollutants.109,128,129 The impact of
xenobiotics on molluscs has been extensively studied both
in the laboratory and in field exposure to environmental
pollutants,88,112,130–140 exposure to pharmaceuticals,141,142
toxins127,143–148 and cyanobacteria.145,147
Finally, the research area where most fish proteomics studies
have been reported concerns health aspects. Several types of
proteome analyses as a result of viral diseases,149–155 bacterial
diseases,138,149,156–161 tumors,162 skeletal deformities163 and para-
site exposure125 have been published on farmed fish. An important
study has also been reported on vaccine development.164–172 On the
other hand molluscs proteomics studies focused on health and
infections have recently attracted attention.89,138,173–175
Another important field of aquaculture where proteomics
studies have been reported recently relates to fish nutrition.
Due to the increasing demand for fish oil and fish meal in
aquafeeds, more sustainable alternatives to the traditional diet
formulations, such as plant-derived oils and proteins, are
emerging. Interestingly, a few papers report the fish proteome
response to these new fish meals, as a new insight into the
response of fish metabolism to dietary substitutions.176–180 Also
the impact on the fish proteome of specific diet formulations,
formulated to mitigate disease effects, has been reported.181
Proteomic analysis of bivalves has evolved from requiring
eﬀorts and costs to identify few proteins from 2-DE maps130 to a
systematic quantitative analysis of all cellular proteins in a
single experiment.90,182 In the near future proteomic based
methods would not only provide robust information to improve
aquaculture welfare but also could be utilized for screening new
biotechnological products and novel food sources derived from
marine proteins,183 and meta-proteomic approaches will also con-
tribute to water quality assessment in aquaculture7 by monitoring
the dynamics of the aquatic sediment microbiome.184
A summary of the reported results for stress proteomic
studies in fish and clams is shown in Table S5 (ESI†).
10. Conclusions
Proteins have a leading role in all physiological processes and some
of them may be useful as potential markers of these processes.
Animal stress and welfare are aspects of the utmost importance
in animal production, but objective and quantitative laboratory
markers are still lacking. Proteomics has the strength and versatility
and it is a non-hypothesis driven approach most adequate for the
identification of new biomarkers. Nowadays, there is a growing
awareness about the suitability of proteomic approaches to the
investigation of the proteins produced by farm animals, and there
are more and more links being established between animal science
and technological based proteome centres. This will allow this field
to expand at a rapid rate in the immediate future, with a major
impact on the scientific knowledge of farm animals, including all
aspects related to stress and welfare, and also on the economically
important production of livestock and aquaculture systems.
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